We propose a unique few-mode fiber (FMF)-based multi-parameter optical-fiber sensor for distributed measurement of temperature and strain. We launch a pump and a probe signal through specific linearly polarized modes into a FMF, and monitor the Brillouin frequency shift (BFS) in each mode. By analyzing the temperature and strain coefficients of the BFS of the two lowest order (LP 01 at the same time. However, the system is rather complicated. Recently, few-mode fiber (FMF) has attracted much research attention because it offers the potential to break the capacity limit of standard single-mode fiber (SSMF) [3, 4] . The application of FMF in sensing fields is an interesting area, which, however, is not well understood and only briefly investigated at best [5] . Previous study shows that the Brillouin scattering can be generated in a FMF [6] [7] [8] [9] [10] . Furthermore, the temperature and strain coefficients of BDG have been measured over an elliptical-core two-mode fiber (e-TMF) [10] . The significant difference in the coefficients for different spatial modes implies that FMF can be utilized for discriminative multi-parameter sensing. However, this experiment is based on special elliptical-core fiber, which is difficult to fabricate and is not commercially available. In this work, we propose a multi-parameter sensor based on cost-effective circular-core FMFs, which can achieve distributed temperature and strain discrimination. A discrimination accuracy of 1.2°C and 21.9 με is demonstrated. The proposed multi-parameter sensor does not require measurement on parameters other than BFS, thus greatly simplifying the system and DSP. Different from that in SMF, Brillouin scattering in FMF can take place in any spatial mode or mode pair. It originates from the interaction between photons and acoustic phonons when a (pump) light in mode i and wavelength λ 1 is propagating in the fiber. The scattered light will experience a frequency downshift, given by
Distributed fiber sensors such as Brillouin sensors are attractive devices because they can achieve nondisruptive sensing of various parameters (e.g., temperature) over tens of kilometers [1] . Conventional Brillouin sensors are based on single-mode fibers (SMFs). The performance of SMF-based Brillouin sensors can be jointly affected by parameters such as temperature and strain [2] , introducing a big problem for an accurate measurement on a single parameter. A multi-parameter sensor with discrimination capability is thus highly desirable. It has been demonstrated that discriminative measurement can be achieved over a single-mode polarizationmaintaining fiber (PMF) [2] , by monitoring the Brillouin frequency shift (BFS) of Brillouin gain spectrum (BGS) and wavelength shift of Brillouin dynamic grating (BDG) at the same time. However, the system is rather complicated. Recently, few-mode fiber (FMF) has attracted much research attention because it offers the potential to break the capacity limit of standard single-mode fiber (SSMF) [3, 4] . The application of FMF in sensing fields is an interesting area, which, however, is not well understood and only briefly investigated at best [5] . Previous study shows that the Brillouin scattering can be generated in a FMF [6] [7] [8] [9] [10] . Furthermore, the temperature and strain coefficients of BDG have been measured over an elliptical-core two-mode fiber (e-TMF) [10] . The significant difference in the coefficients for different spatial modes implies that FMF can be utilized for discriminative multi-parameter sensing. However, this experiment is based on special elliptical-core fiber, which is difficult to fabricate and is not commercially available. In this work, we propose a multi-parameter sensor based on cost-effective circular-core FMFs, which can achieve distributed temperature and strain discrimination. A discrimination accuracy of 1.2°C and 21.9 με is demonstrated. The proposed multi-parameter sensor does not require measurement on parameters other than BFS, thus greatly simplifying the system and DSP.
Different from that in SMF, Brillouin scattering in FMF can take place in any spatial mode or mode pair. It originates from the interaction between photons and acoustic phonons when a (pump) light in mode i and wavelength λ 1 is propagating in the fiber. The scattered light will experience a frequency downshift, given by
where ν B is the BFS, n i is the effective refractive index (ERI) of mode i, and V a is the effective velocity of the acoustic wave. Furthermore, if another probe light is counter-propagating along the fiber, which has a wavelength of λ 2 and is in the same mode i, the probe light will be amplified by the acoustic phonon if its frequency is downshifted from the pump light by ν B . This effect is known as the intra-modal-stimulated Brillouin scattering (SBS). If the probe light is sent through another mode j, inter-modal SBS could also happen [6, 7] . The acoustic velocity V a is temperature and strain dependent, which can be expressed by a Taylor expansion given by
where T is the ambient temperature, ε is the axial strain, and V a;0 V a T 0 ; ε 0 is the acoustic velocity at reference temperature T 0 and strain ε 0 . Since the higher order terms in Eq. (2) are usually very small, the acoustic velocity V a can be approximated as linearly proportional to the temperature T and strain ε. The change of acoustic velocity ΔV a becomes a function of the change of temperature ΔT T − T 0 and applied strain Δε ε − ε 0 , given by
The temperature (strain) change can thus be measured by the detuning of BFS, given by
where A 2n i a 1 ∕λ 1 and B 2n i b 1 ∕λ 1 are the temperature and strain coefficients of the Brillouin sensor, respectively. In FMFs, the temperature and strain coefficients may not be the same for different spatial modes. There are two possible reasons for this difference:
(1) higher order optical modes (e.g., LP 11 ) are less tightly confined in the fiber core, and have more overlap with the cladding, which may have different responses to the temperature and strain due to the difference in doping materials; (2) higher order optical modes can interact with higher order acoustic modes [6] , which may have different responses to the temperature and strain than that of the fundamental acoustic mode (L 01 ). Song et al. [6] discovered that for the pump-probe mode of LP 01 -LP 01 and LP 11 -LP 11 , the SBS is attributed to symmetric acoustic modes (L 01 or L 02 mode), while for LP 01 -LP 11 and LP 11 -LP 01 , the SBS is attributed to antisymmetric acoustic modes (L 11 mode). Furthermore, in case of LP 11 -LP 11 , the SBS by L 02 mode gets larger Brillouin gain than that by L 01 mode, due to the larger overlap of fields. Therefore, the temperature and strain response for LP 11 -LP 11 is very likely to be dominated by the L 02 mode instead of L 01 . If the temperature and strain responses are much different for the two spatial modes (i and j), we are able to discriminate both effects by measuring the detuning of BFS in each mode, given by
where H is the sensitivity matrix, and A ij and B ij are the temperature and strain coefficients for mode ij, respectively. By solving Eq. (5), we can obtain the change of temperature ΔT and strain Δε as
where "det" stands for matrix determinant. Denominator detH in Eq. (6) must have significant value in order to achieve high discrimination accuracy. In order to measure the BFS accurately, we employ the Brillouin optical time domain analysis (BOTDA) technique [11] by launching a pulsed-wave-pump and a continuous-wave (CW) probe into the FMF. The fiber under test (FUT) is a 3-km custom-designed five-mode fiber (5MF) [8] . The pump and probe waves are sent into the 5MF using two mode launchers (MLs), as shown in Fig. 1(a) . Each ML consists of two fiber collimators forming a 4f setup, and a spatial light modulator (SLM) is placed on the Fourier plane. Unique phase patterns can be programmed onto the SLM to generate specific spatial modes, as shown in Fig. 1(b) . The insertion loss of the ML is about 1.4 dB for LP 01 mode and 3.9 dB for LP 11 mode. The FUT is divided into four sections for the simultaneous temperature and strain sensing, as shown in Fig. 2 . The first section (L 1 50 m) is spooled and placed into a water bath with 0.1°C tuning accuracy. The second section (L 2 50 m) is also spooled but placed outside the water bath for the isolation purpose. The third section (L 3 1.18 m) is pulled straight and fit into a fiber stretcher that can pull the fiber back and forth along a single axis with 1 μm accuracy, so as to apply proper axial strain. The last section (L 4 ) contains the remaining part of the FUT, which is spooled together and placed still on the optical bench.
The experimental setup is shown in Fig. 3 . We use an external-cavity laser (ECL) as the light source, and the wavelength is fixed near 1550 nm. CW light from ECL is divided into three paths by two 3-dB couplers. The CW in upper path (pump) is first shaped to a Gaussian pulse by an acousto-optic modulator (AOM). The AOM is driven by a Tektronix arbitrary waveform generator (AWG) with sampling rate of 10 GSample/s, which provides Gaussian pulse with 25-ns pulse width and 2.5-kHz repetition rate. The optical pulse is then amplified by an erbium-doped fiber amplifier (EDFA), converted to the desired spatial mode, and finally fed into the FUT through a mode launcher (ML1). The CW in the middle path (probe) first passes through a MachZehnder modulator (MZM) to generate double-sideband (DSB) signal. The MZM is biased at null point and driven by a microwave synthesizer that provides sine-wave at frequency (ν F ) of up to 40 GHz. The DSB signal then passes through a narrow optical band-pass filter (∼15 GHz) to remove the lower sideband. A singlesideband (SSB) signal is thus generated, whose frequency is downshifted from the origin by ν F . The SSB probe is subsequently converted to the desired spatial mode, and finally fed into the FUT in opposite direction through another mode launcher (ML2). The CW in lower path is amplified by another EDFA, divided into two by another 3-dB coupler, and fed into a 4 × 4 coherent receiver (Co-Rx) to provide local oscillator (LO). After passing through the 3-km FUT, the probe CW is converted back to the fundamental mode in SSMF by the same mode launcher (ML1), and directed to the 4 × 4 Co-Rx by an optical circulator for detection. The 4 × 4 Co-Rx is comprised of two 90°optical hybrids for polarization diversity and four balanced receivers (BRs) with a 3-dB bandwidth of 15 GHz. The electrical signals representing the in-phase and quadrature components of the probe signal are sampled by a 4-channel Tektronix digital oscilloscope with a bandwidth of 15 GHz, and finally processed offline with specially designed DSP algorithms. It is remarkable that the signal-to-noise ratio (SNR) performance of our proposed coherent detection BOTDA system is improved by more than 6 dB, compared with the incoherent detection scheme. In addition, since the Brillouin gain depends heavily on the state of polarization (SOP) of the pump and probe, we scramble the pump polarization using a polarization controller (PC). After signal averaging at the receiver, the polarization induced gain fluctuation is also greatly reduced [12] .
The experiment is carried out in three steps. First, we measure the temperature and strain sensitivity for LP 01 mode. The pump wave has a pulse width of 25 ns with a repetition rate of 2.5 kHz, and is amplified to 5 mW before launching into the FUT. The probe wave is CW, and the power is 0.5 mW. In each analysis, the synthesizer frequency is swept from 10.45 to 10.64 GHz with a step-size of 2 MHz. For each frequency point, the probe signal is sampled 20 times on the digital oscilloscope, and the data is processed offline with MATLAB program. The DSP algorithm has the following procedure [7] : (1) IQ imbalance compensation; (2) Fast Fourier Transform (FFT) for spectrum; (3) Spectrum averaging and smoothing; (4) Peak search in the vicinity of −ν F ; (4) BGS composition; and (5) Lorentzian curve fitting. The sampling rate of Tektronix digital oscilloscope is set at 40 GSa/s, and the total timing length is 40 μs. Figure 4(a) shows the timing trace of received probe signal. The peaks in the timing trace are the Fresnel back-reflections of the pump pulse. The first peak in the reflection occurs at the silica-air interface of ML1 (start of FUT), and the last peak in the reflection occurs at the silica-air interface of ML2 (end of FUT). The triangle shape between the two peaks is the amplified probe signal due to the SBS effect. The time trace of probe is then divided into 25-ns segments representing the SBS effect in 2.5-m fiber (5-m roundtrip), which is the maximum achievable spatial resolution. The spectrum of received signal is shown in Fig. 4(b) , where the main peak near −ν F (−10.5 GHz) is the probe signal to analyze, the middle peak is the pump/LO, and the other minor peaks are electrical noise and/or harmonics from the oscilloscope. By sweeping the synthesizer frequency and measuring the probe power, power spectra in each 2.5-m fiber segment can be composed. Figure 5 (a) shows the power spectra without and with Brillouin gain which are consecutively measured in a same 40-μs time frame. We find that there are noticeable ripples in the composed spectra, which are due to the modal interference caused by the limited modal extinction ratio of the mode launchers (∼15 dB). To solve this problem, we subtract the spectrum without Brillouin gain from that with Brillouin gain [7] . The proposed differential method provides clean and stable BGS in each fiber segment, as shown in Fig. 5(b) . The BGS is then fit to a Lorentzian curve, from which the center frequency (BFS) and width of the gain spectrum are obtained. To measure the temperature and strain coefficients, we first benchmark the sensor performance under room temperature (25°C). We then increase the temperature of water bath from 30°C to 90°C with 10°C per step, and measure the BGS for the fiber segment in L 2 (water bath) using the same procedure as described above. After that, we apply axial strain to the fiber by gradually moving the linear stage from 0 to 2 mm in the fiber stretcher with 0.25 mm (211.86 με) per step, and measure the BGS again for the fiber segment in L 3 (fiber stretcher). The results are shown in Figs. 6(a) and 6(b), respectively. As we can see, the BGS moves to the higher frequency as the temperature or strain increases. Since the fiber length in L 3 (1.18 m) is shorter than the spatial resolution (2.5 m), we notice that the BGS measured at L 3 splits to a dual-peak shape as the strain increases. One peak remains at the same frequency, while the other peak moves to the higher frequency as the strain increases. Therefore, we do a dual-peak Lorentzian fitting and extract the BGS of fiber that has the axial strain, which is shown in Fig. 6(b) . By analyzing the center frequency of BGS, we obtain the BFS for LP 01 mode, and its relationship with the temperature and strain is shown in Figs. 7(a) and 7(b). By linear fitting the data, we obtain the temperature and strain coefficients for LP 01 mode, which are A 01 1.01690 MHz∕°C and B 01 0.05924 MHz∕με, respectively.
Second, we measure the temperature and strain sensitivity for LP 11 mode. It is known that LP 11 mode in a circular-core FMF has two-fold degeneracies (LP 11a and LP 11b ). Because there is no noticeable difference in the sensing performance, we choose to show only the result of the odd LP 11 mode (LP 11a ). Following the same procedure as for LP 01 mode, we measure the BGS whilst increasing the temperature or strain. The corresponding BFS as a function of temperature and strain is shown in Figs. 8(a) and 8(b) . Similarly, by linear fitting the experimental data, we obtain the temperature and strain coefficients for LP 11 mode, which are A 11 0.99099 MHz∕°C and B 11 0.04872 MHz∕με, respectively.
Finally, we investigate the discrimination of temperature and strain using the measured coefficients from the two spatial modes. For a fair comparison, we use [2] as reference, and maintain the same accuracy of 0.1 MHz in all the BFS measurements for both spatial modes. By putting the standard error (Δν B 0.1 MHz) into to Eq. (6), the accuracy of temperature/strain discrimination is 1.2°C and 21.9 με. Compared with the single-mode PMF [2] , the discrimination accuracy for our FMF sensor is slightly worse because of the smaller denominator detH. Due to the limitation of our experimental setup, we are not able to generate arbitrary temperature and strain change at the same time. To verify the discrimination capability of the FMF sensor, we choose two temperature and strain settings, (80°C, 0 με) and (25°C, 1694.9 με) for analysis. We use the first setting as the origin, so that the second setting can be deemed as with simultaneous temperature and strain change. The measured data of ν B under the two settings are (10607.0 MHz, 10580.2 MHz) and (10562.9 MHz, 10552.3 MHz) for (LP 01 , LP 11 ) mode. By putting the value into Eq. (6), the estimated temperature and strain changes are ΔT −54.2°C and Δε 1674.8 με. As can be seen, the estimation error is only (0.8°C, 20.1 με). The result shows that our proposed FMF sensor has good reliability and accuracy for the discrimination of temperature and strain. 
